Introduction
We found that cells exposed to a relatively low dose of an alkylating agent undergo apoptotic death, if the DNA lesions Alkylating agents such as N-nitroso compounds are mutagens are not repaired by methyltransferase. and carcinogens. The biological effects of these agents are attributed to the formation of a variety of alkylated bases in cellular DNA. Among them, O 6 -methylguanine and O 4 -Materials and methods methylthymine, the latter being formed less frequently, are alkylate DNA, under the physiological conditions (5, 6) .
To counteract such deleterious effects of alkylating agents,
Isolation of heterozygous mutant embryonic stem cell lines by gene targeting
organisms come equipped with a specific DNA repair enzyme,
MGMT ϩ/-cell lines (MGMT14, MGMT18) are isolates of mouse CCE ES lines, one copy of the MGMT gene of which was disrupted by gene targeting O 6 -methylguanine-DNA methyltransferase (MGMT) (E.C. (19) . Briefly, an 8.0-kb HindIII/EcoRI fragment of genomic DNA containing the second exon region of the gene was used to construct the targeting vector. Insertion of the neo cassette resulted in deletion of a 320-bp MGMT gene *Abbreviations: MGMT, O 6 -methylguanine-DNA methyltransferase; ES cell, embryonic stem cell; MNNG, N-methyl-NЈ-nitro-N-nitrosoguanidine; MNU, fragment containing 45 nucleotides of exon 2, carrying an initiation codon and 275 nucleotides of intron 2. This insertion generated new restriction N-methyl-N-nitrosourea; PBS, phosphate-buffered saline; HSV, herpes simplex virus; TK, thymidine kinase; GANC, ganciclovir; neo, neomycin; SDS, sodium enzyme sites for EcoRV near the 3Ј region and HindIII near the 5Ј end region. A pair of the herpes simplex virus (HSV)-thymidine kinase (TK) cassette dodecyl sulfate; 6-TG, 6-thioguanine.
were placed flanking the MGMT genomic sequence in the targeting vector to containing~500 cells was plated on the feeder layer of three 100-mm dishes, using ES medium. Plating efficiency was~60-80%. allow for positive and negative selection of DNA when introduced into ES cells (20) . CCE embryonic stem cells were cultured on feeder cells and Electrophoretic analyses of DNA electroporated, using 5ϫ10 7 cells and 50 µg of the linearized pMGMTneomyThe DNA extraction procedure was as described (29). In brief, frozen cells cin(neo)1 DNA. The transfected cells were subjected to positive and negative were disrupted by addition of 0.2 ml of homogenization buffer [0.1 M NaCl, selection, using G418 (250 µg/ml; Geneticin, GIBCO/BRL) and ganciclovir 0.01 M EDTA (pH 8.0), 0.3 M Tris-HCl (pH 8.0), 0.2 M sucrose]. To the (GANC) (5 µM; a gift of Nihon Syntex) as selective agents. Colonies doubly homogenate we added 12.5 µl of 10% SDS and the mixture was incubated at resistant to G418 and GANC were grown on 24-well plates to expand for 65°C for 30 min. Following incubation, 35 µl of potassium acetate were freezing and for Southern blot analysis. DNA was isolated from each cell line added, and the mixture was placed on ice for 60 min. Samples were centrifuged and analyzed by Southern blot hybridization. A neo r probe was used to ensure at 5000 g for 10 min at 4°C and the DNA was extracted with phenolthat there was only one copy of each construct in the ES clones. chloroform-isoamyl alcohol followed by extraction with chloroform-isoamyl Isolation of homozygous mutant ES cell clones alcohol. From the upper aqueous layer DNA was precipitated by adding 2.5 volumes of ethanol. The DNA was collected by centrifugation and dissolved ES cell culture and G418 selection for null mutants were done according to in 50 µl of TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). The DNA the method described in Reference (21). Briefly, selected cell lines, identified sample was treated with RNase A (final; 10 µg/ml) in 50 µl of TE buffer, as heterozygous for the MGMT gene, were expanded for several passages.
extracted with phenol-chloroform-isoamyl alcohol followed by extraction The cell lines were then plated onto six 10-cm feeder plates at a density of with chloroform-isoamyl alcohol, and precipitated by addition of 0.1 volume 1ϫ10 6 cells/plate, cultured for 24 h, and then grown in the presence of 1.5 of sodium acetate and 2.5 volumes of ethanol. The DNA was collected by mg/ml of G418 (22). Clones that survived for 10 days were isolated and centrifugation at 14 000 g at 4°C for 30 min. The DNA from 5.0ϫ10 5 cells expanded, and their DNAs were examined by Southern blotting for lack of was loaded onto 1.7% agarose gels and placed in 1ϫ TAE buffer (40 mM the intact MGMT gene.
Tris-acetate, 1 mM EDTA) for 2 h at 60 V. The gels were stained with Southern blot analysis ethidium bromide at 0.5 µg/ml for 30 min. The DNA ladders were photographed Genomic DNA (8 µg) was digested with EcoRV or HindIII, then run on 0.8% under a UV transilluminator. agarose gels, incubated with 0.25 N HCl for 15 min and transferred to a nylon
Fluorochrome staining of cells membrane filter (Hybond N ϩ , Amersham) by alkali blotting (0.4 N NaOH).
Cells were harvested by treatment with 0.25% trypsin-0.02% EDTA and The filter was hybridized with a 0.3-kb XhoI/HindIII fragment (probe A, 5Ј
washed with PBS. The cell suspension (1ϫ10 5 cells/ml) was placed on polyflanking probe) and a 0.9-kb EcoRI/EcoRI fragment (probe B, 3Ј flanking L-lysine (Sigma)-pre-treated 4-well LAB-TEK chamber slides (Nunc, Inc.) probe), labeled with [α-32 P]dCTP. The membrane was washed, applied to an and incubated at 37°C for 20 min. Cells adhering to the slide were fixed by imaging plate, and analyzed using a Bio-image analyzer BAS 2000 (Fuji treating with 3.4% formaldehyde for 10 min, washed twice with PBS, stained Photo Film Co., Kanagawa, Japan).
with 0.0005% bis-benzimide (Hoechst 33258) and finally washed twice Quantitative immunoblot of the methyltransferase protein.
with PBS. Phase-contrast figures and fluorochromes were observed under a Axiophoto microscope (Carl Zeiss, Inc., Germany). Cells in the exponential phase were transferred to a medium without feeder layer cells and cultured on the gelatin-coated dish for 4 days to avoid contamination of MGMT protein derived from feeder cells. The cells were Results lysed in SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 5% glycerol, 2% 2-mercaptoethanol), boiled for 5 min and sonicated to shear the carried~24 000 and 17 000 molecules of methyltransferase Since MGMT protein that accepted the methylated group rapidly degrades (11), actual numbers of molecules per cell protein, respectively. No immunologically active molecule was present in MGMT -/-cells.
would reflect cell survival. Effect of methyltransferase deficiency on MNNG-induced To assay methyltransferase activity, crude extracts were prepared from cultures of three types of cells. The result shows mutations was next examined. Mutations in the HPRT gene, located on X chromosome in the mouse genome, render cells that MGMT -/-cells are devoid of enzyme activity (Ͻ0.008 units per mg protein). On the other hand, extracts of MGMT ϩ/ϩ resistant to 6-thioguanine (6-TG), and this forward mutation assay was adopted. Two cell lines with MGMT ϩ/ϩ and and of MGMT ϩ/-cells contain 0.37 and 0.19 units per mg protein of the enzyme activity, respectively. This is in accord MGMT -/-backgrounds were exposed to a relatively low dose of MNNG (0.2 µM), and mutant frequencies toward 6-TG with the number of methyltransferase protein molecules per cell, as estimated with immunoblot analyses. resistance were determined. As shown in Table I , a considerably higher frequency of mutation was induced in MGMT -/-cells, MGMT ϩ/-and MGMT -/-cells thus established grew normally in ES medium. The doubling times of MGMT ϩ/ϩ , MGMT ϩ/-compared with the value of MGMT ϩ/ϩ cells. and MGMT -/-cells in the medium at 37°C were 9.2, 9.2
Growth characteristics of MGMT -/-cells after MNNG and 9.4 h, respectively. Thus, no growth disadvantage was treatment associated with methyltransferase deficiency.
MGMT ϩ/ϩ and MGMT -/-cells were treated with 1 µM MNNG Sensitivity of targeted cells to alkylating agents for 1 h and incubated in a drug-free growth medium. The numbers of viable cells (trypan blue exclusion) were counted We used two kinds of alkylating agents, MNNG and MNU, both of which produce a relatively large amount of O 6 -using a hemocytometer ( Figure 4 ). The growth of MGMT ϩ/ϩ cells was not affected by this level of MNNG. On the other methylguanine in DNA. Three types of isogenic cell lines, each carrying different numbers of intact MGMT alleles, were hand, a profound effect of MNNG treatment was observed with MGMT -/-cells. The number of viable cells increased for exposed to various concentrations of MNNG for 1 h, and then plated to determine the numbers of colony-forming cells. The up to 18 h after treatment, a time in which the number of cells increased to 2.4 times the initial value. After this initial result of an experiment with MNNG is shown in Figure 3 . MGMT -/-cells are extremely sensitive to the alkylating agent; increase, numbers of viable cells decreased and finally most of the MGMT -/-cells lost viability. the LD 37 of MGMT -/-cells to MNNG is 0.11 µM, that is, over 100 times less than for normal cells. MGMT ϩ/-cells showed Flow cytometric analyses of cells after MNNG treatment are shown in Figure 5 . MGMT -/-cells apparently underwent reasonably high levels of survival, but survival was always less when compared with events for normal cells. Essentially G 2 -M arrest after MNNG treatment, while no such arrest was observed in MGMT ϩ/ϩ cells. In MGMT -/-samples, a marked a similar result was obtained with MNU (data not shown). increase in the sub-G 1 fraction was evident as early as 36 h Discussion after treatment and a large proportion of cells were in sub-G 1 Methyltransferase deficiency and the Mer -characters fraction, even at 70 h. Even at an earlier stage (6 to 24 h after Some tumor-derived cell lines are hypersensitive to alkylating MNNG treatment), an increased number of cells in S phase agents and are unable to reactivate virus pre-exposed to was evident in MGMT -/-samples. Therefore, steps of DNA alkylating agents (14,15). These repair defective cells, termed replication are prevented in MGMT -/-cells exposed to a low Mer -or Mex -, have little or no methyltransferase activity dose of MNNG.
(13,34). In light of these unique characteristics, Mer -lines Alkylation-induced cell death have been used extensively in studies of alkylation mutagenesis Apoptotic cell death is now defined by two characteristics. and related phenomena in mammalian cells.
One is the morphological changes of nucleus and cytoplasm
The molecular mechanisms underlying this Mer -character such as chromosomal condensation, fragmentation and formaare not fully understood. No or only a little mRNA for tion of apoptotic body (30,31). The other is chromosomal methyltransferase was detected in Mer -cells, though there is DNA fragmentation at nucleosomal units as a result of the no gross difference in the coding and the promoter regions of cleavage by endogenous endonucleases (32,33).
the methyltransferase gene in Mer ϩ and Mer -cells (16,35-To observe morphological changes such as apoptotic bodies, 37). It can, therefore, be assumed that these Mer -cells are we stained ES cells with fluorochrome at 48 h after the defective in some of transcriptional control, and this begs the MNNG treatment. As shown in Figure 6 , chromosomal DNA question, if Mer -cells have alterations in expression of genes fragmentation and appearance of apoptotic bodies are evident.
other than that for methyltransferase itself. To observe the formation of nucleosomal DNA ladders, genTo elucidate these problems, cell lines defective, particularly omic DNA was extracted from MNNG-treated cells and run in the methyltransferase gene, have to be used. The present in agarose gels. The result shown in Figure 7 clearly indicates study was designed and carried out to generate methyltransthat DNA extracted from MNNG-treated MGMT -/-cells, but ferase-defective cells, using gene targeting techniques. The not from similarly treated MGMT ϩ/ϩ cells, was fragmented.
cell lines thus established have a sequence alteration in the Nucleosomal DNA ladders were most visible with MGMT -/-defined region of both MGMT alleles and are totally devoid of methyltransferase protein, as confirmed in immunological cells harvested at 24 to 48 h after MNNG treatment, during No. of 6-TG r colonies per plate Ϯ SD and mutant frequency (Ϯ SD) are calculated from numbers of 6-TG r colonies of 10 independent dishes. and enzymatic assays. In principle, these particular ES cell lines having a defect in the methyltransferase gene alone, facilitate studies on the roles of methyltransferase in various biological processes.
MGMT -/-cells showed an increased mutation frequency as compared with the parental MGMT ϩ/ϩ cells when treated with a low dose of MNNG. This assay was made by scoring 6-TGresistant colonies that arose by forward mutations in the HPRT locus. The level of mutability of MGMT -/-cells was much the same as that obtained with Mer -cells, whose forward mutation frequency was measured with the same genetic marker (28).
Decreased colony-forming ability of cells after exposure to (70% of MGMT ϩ/ϩ cell) clearly reflects the sensitivity level of the heterozygous cell (65% of the MGMT ϩ/ϩ cell), as expected from findings that stoichiometric amounts of methyltransferase protein are needed for DNA repair (10) .
Killing effect of alkylation-induced lesions.
Treating DNA with S N 1 type methylating agents, such as MNU, resulted in production of O 6 -methylguanine and O 4 -methylthymine at levels of 5-11% and 0.1-0.7% of the total alkylated DNA adducts, respectively, both in vitro and in vivo (39) . Among various alkylated bases formed in DNA, these modified bases are regarded as being major pre-mutagenic lesions. During DNA replication, O 6 -methylguanine and O 4 -methylthymine can form mispairs with thymine and guanine, resulting in G-C to A-T and A-T to G-C transitions, respectively. Methyltransferase from various prokaryotic and eukaryotic organisms act on the two types of modified bases, though the rate of repair of O 4 -methylthymine is less than that for O 6 -methylguanine (40) (41) (42) . However, we recently found that a purified preparation of mouse methyltransferase repairs O 6 -methylguanine and O 4 -methylthymine, at almost equal efficiency (23). Lowered survival of methyltransferase-deficient cell lines after treatment with alkylating agents implies that O 6 -methylguanine and, to a lesser extent, O 4 -methylthymine are not only mutagenic but are also lethal. The toxicity of such lesions might be attributed to the inappropriate processing of mismatch repair. This was first suggested in studies with E.coli damstrains, in which mutations in the mismatch recognition genes mutS and mutL confer protection against the toxicity of MNNG (43, 44) . Involvement of alkylated bases in mammalian cell lethality was deduced from the observation that nicks persisted thereby leading to cell death. If a defect in the mismatch gene could be introduced into the MGMT -/ -cell, then one would have a pertinent tool for examining the cause of the alkylationinduced cell death. Such a trial is in progress in our laboratories. Fig. 7 . Electrophoretic mobilities of DNAs extracted from MGMT ϩ/ϩ and MGMT -/-cells after exposure for 1 h to 1 µM MNNG at 37°C. Genomic DNAs extracted from 3.0ϫ10 5 MGMT -/-cells and 9.0ϫ10 5 MGMT ϩ/ϩ cells were loaded onto 1.7% agarose gels and placed in 1ϫ TAE buffer for 2 h at 60 V. The gels were stained with ethidium bromide at 0.5 µg/ml for 30 min.
Mer -cells exposed to simple alkylating agents die after Ubiquitination-dependent proteolysis of O 6 -methylguanine-DNA methylthe second round of DNA replication (47, 48) 
